Objective: To investigate the long-term effects of three antiarthritics, namely dexamethasone, celecoxib, and methotrexate on the histology and metabolism of intact bone tissue in rats. Methods: Thirty-two 12-week-old healthy female Sprague Dawley rats were randomly allocated into four groups: 1) control (saline, daily); 2) dexamethasone (2 mg/kg, twice weekly); 3) celecoxib (50 mg/kg, daily); and 4) methotrexate (0.5 mg/kg, twice weekly). The drugs were administered to the rats for 12 weeks and the animals were weighed on a weekly basis. The femurs and lumbar vertebrae were harvested for bone mineral density and bone mechanical properties analyses. The proximal tibiae were processed for bone histomorphometry and micro-computed tomography analyses.
Introduction
Rheumatoid arthritis (RA) is an autoimmune disease that causes chronic inflammation of the joints, and mainly leads to synovitis, bone loss, and bone destruction around the affected joints. 1 High prevalence of RA worldwide 2 has become an important issue that is associated with significant clinical burden. 3 Bone remodeling equilibrium is interfered in RA, and is accompanied with increased risk of osteoporosis and fractures. 4, 5 Many factors that can affect bone metabolism during the RA treatment include age, underlying disease, disease severity, comedication, and duration of treatment. However, the skeleton impairment occurring during the treatment of RA is mainly due to two factors: the effects of drugs and the special nature of RA per se. 6, 7 It is not clear whether the skeleton impairments are caused by the synergistic effect or antagonistic effect of the two factors. Moreover, if the combination of the two factors occurs in one individual, it becomes difficult to differentiate the effects of antiarthritics from the outcomes of the underlying disease they are used to treat, as both the drugs and submit your manuscript | www.dovepress.com
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liu et al the disease have significant effects on bone metabolism in inflammatory individuals. The impairments caused by the disease itself may conceal the real effects induced by the drugs or even reverse their original effects on bone, and vice versa. Thus, the two closely connected factors can lead to confounding the truth, and may thus preclude definite conclusions, which lead to the physicians' inability to fully understand the long-term potential effects of antiarthritics on bone metabolism. Although many studies have reported limited short-term effects of antiarthritics on bone metabolism in arthritis patients or inflammatory animal models, these studies could only provide limited data for the short-term effects, but not for the long-term effects. [8] [9] [10] [11] [12] [13] [14] [15] Therefore, it is interesting to investigate the long-term effects of antiarthritics on bone alone in healthy individuals. It will help to understand the actual long-term effects of antiarthritics on bone metabolism and how the inflammation would change the original effects of antiarthritics on bone in vivo. There are four aspects of medication for RA till date, namely nonsteroidal anti-inflammatory drugs (NSAIDs), diseasemodifying antirheumatic drugs (DMARDs), corticosteroids (eg, glucocorticoids [GCs]), and biologic agents involving the immune system. Dexamethasone (Dex), celecoxib (Cel), and methotrexate (MTX) are all used in the clinical treatment of RA, and they were selected to represent the GCs, NSAIDs, and DMARDs, respectively. In this study, we designed to give therapeutic doses of Dex, Cel, and MTX for a long-term administration in healthy female rats, in order to investigate whether the original effects of drugs would affect the bone metabolism in healthy condition.
Materials and methods
Animal ethics and breeding conditions
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Labora- The Sprague Dawley (SD) female rats were acclimated to local vivarium conditions (temperature: 24°C-26°C, humidity: 67%) and under specific pathogen-free conditions. Rats were allowed free access to water and diet containing 1.33% calcium, 0.95% phosphorus, and 60 IU% vitamin D3. 17 twice weekly, oral gavage). Eight rats in each group were administered for 12 weeks and weighed on weekly basis. Rats were given subcutaneous injections of tetracycline (50 mg/kg; Sigma-Aldrich Co, St Louis, MO, USA) on the 14th and 13th day and calcein (10 mg/kg; Sigma-Aldrich Co) on the fourth and third day before being sacrificed for the purpose of double labeling in vivo.
experimental protocols
At the end point of the experiment, the rats were sacrificed by cardiac puncture under sodium pentobarbital anesthesia. Care of the rats was in accordance with institutional guidelines.
serum markers assay
Serum samples were collected for measurements of serum calcium, phosphorus, glucose, total cholesterol, triglyceride (TG), and the biomarkers of bone such as alkaline phosphatase and tartrate-resistant acid phosphatase (TRACP) according to manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, People's Republic of China).
Bone mineral density determination
The left femurs and the fifth lumbar vertebrae of the rats were wrapped with saline-saturated gauze to maintain moisture and stored at -20°C. After thawing at room temperature, the femurs and the fifth lumbar vertebrae were moisturized by soaking in saline solution, and the residual muscle was removed. The whole femur and lumbar bone mineral density (BMD) was measured with a DXA system, the Lunar Prodigy Advance Bone Densitometer (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). Testing of bone mechanical properties After measuring BMD, the femurs were used to determine the bone mechanical properties by three-point bending test using a Bose Electro Force Testing system (Bose Electroforce 3510, Bose Corp., Eden Prairie, MN, USA). Bone samples were tested with a 1 mm indenter at a speed of 0.01 mm/s with 15 mm span (L). Force and deflection were automatically recorded. The output parameters included elastic force (the force required to cause bone specimens to deform, in units of N), maximum force (the maximum force that the bone can resist, N), fracture force (the force required to cause bone fracture, N), and the maximum deflection (maximum degree of the bone displacement, mm). The stiffness (loaddisplacement curve slope, N/mm), the energy to maximum load, and the energy to fracture load were also calculated based on the parameters mentioned earlier.
Micro-CT analysis
The left proximal tibias were harvested for micro-computed tomography (micro-CT) analysis. The proximal tibial metaphysis (PTM) of the rats were scanned using a Viva CT40 (Scanco Medical, Zurich, Switzerland) under highresolution conditions (X-ray energy 70 kVp, 114 μA, 8 W; integration time 200 ms). Briefly, the region of interest was the proximal tibial growth plate and the PTM located between 1.5 and 3.5 mm distal to the growth plate epiphyseal junction. Cortical bone was excluded from the measurement. Three-dimensional (3D) images and longitudinal sections of mineralized tibia metaphyses were generated using a Gaussian filter (sigma 0.8, support 1) and a threshold of 350. The 3D image analysis was performed to determine bone volume/ tissue volume (BV/TV), structure model index (SMI), bone mineral density of tissue volume (density of TV), and degree of anisotropy (DA).
Bone histomorphometry
The right proximal tibial metaphyses were processed for bone histomorphometric analyses. The samples were opened to expose the bone marrow cavity using an ISOMET Low Speed Saw (Buehler, Lake Bluff, IL, USA) and fixed in 10% phosphate buffered formalin for 24 hours. They were then dehydrated in graded ethanol, defatted in xylene, and embedded undecalcified in methyl methacrylate. Frontal sections were cut at thicknesses of 5 and 9 μm with the RM2155 hard tissue microtome (Leica, Wetzlar, Germany). The 5 μm sections were stained by Goldner's trichrome stain for static histomorphometric measurements. The 9 μm unstained sections were used for dynamic histomorphometric analyses.
A semiautomatic digitizing image analysis system (Osteometrics Inc., Decatur, GA, USA) was used for quantitative bone histomorphometric measurements. Briefly, the regions of interest were the proximal tibial growth plate and the PTM located between 1 and 4 mm distal to the growth plate-epiphyseal junction. The quantitative analysis was performed on the region of interest mentioned, in each sample. The abbreviations used for the bone histomorphometric parameters were those recommended by the ASBMR Histomorphometric Nomenclature Committee. 18 Static measurements included total tissue volume (TV), trabecular bone volume (BV), trabecular bone surface (BS), and osteoclast surface (OcS). Dynamic measurements included trabecular single-labeled surface (sLS), double labeled surface (dLS), and inter-label width (IntWi). The parameters of microarchitecture included trabecular thickness (TbTh), number (TbN), and separation (TbSp), and were derived from area and perimeter measurements. Inter-label width in the growth plate (G-IntWi), sLS, and dLS were measured on unstained sections under ultraviolet light and were used to calculate the mineral apposition rate (MAR) and the ratio of mineralizing surface to bone surface (MS/BS, calculated as double plus half of single-labeled surfaces), bone formation rate per unit of bone surface (BFR/BS), and bone formation rate per unit of bone volume (BFR/BV). These dynamic parameters were used to assess bone formation. Bone resorption was assessed by the measurement of osteoclast surface per bone surface (OcS/BS). All histomorphometric parameters and procedures were in accordance with the published studies.
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Statistical analysis
Data were presented as mean ± standard deviation. The statistical differences among groups were evaluated using SPSS 16.0 software by analysis of variance (ANOVA) with Fisher's protected least significant difference (PLSD) test. Probabilities (P) less than 0.05 were considered significant.
Results
Body weight
Body weight in the Dex group decreased significantly after the first administration (the second week, Figure 1 ) and lasted till the end. No significant differences in body weight and behavior were noted among the Con, Cel, and MTX groups throughout the experimental period.
Biochemical markers in serum
Compared to the Con group, TRACP and glucose increased in the Dex group, while serum calcium, phosphorus, and TG Figure 2A ).
Compared to the control group, fluorescence micrographs of tibial metaphyses revealed that fluorescence was markedly decreased in the Dex group because of normal bone formation was strongly inhibited. Compared to Dex group, stronger fluorescence and double labeling was seen in the Cel and MTX groups ( Figure 2B, Table 3 ).
Micro-CT analysis of tibial metaphyses trabecular
Micro-CT data demonstrated that Dex significantly decreased BV/TV by 14% and mean mineral density of TV by 16.2%, while SMI and DA in the Dex group demonstrated no significant differences compared to the Con group. Compared to the Con group, Cel decreased BV/TV by 25% and mean mineral density of TV by 19.1% significantly. Furthermore, the SMI was significantly higher than in the other groups, suggesting that Cel reduced bone mass and changed trabecular bone structure from the plate to the rod shape. The MTX-treated rats showed no significant difference in BV/TV, SMI, and DA, whereas mineral density of TV decreased by 16 .4%. On the other hand, the DA and SMI in the MTX group significantly differed from the Cel group (Figure 3 ).
Bone mineral density in femur and lumbar
BMD of femur in Dex, Cel, and MTX groups significantly decreased by 7.3%, 9.3%, and 6.9%, respectively, compared to the Con group. No significant difference was found in BMD of lumbar vertebrae (Figure 4 ).
Bone biomechanical property parameters of femur
The three-point bending test of the femur demonstrated that Dex treatment significantly reduced energy to maximum load Figure 1 effects of three antiarthritics on body weight of rats. Notes: Body weight of rats on saline control (Con), dexamethasone 2 mg/kg (Dex), celecoxib 50 mg/kg (Cel), and methotrexate 0.5 mg/kg (MTX) was determined on a weekly basis. Medication started from the second week and lasted until the 14th week. Dex induced weight loss during the period of treatment. no significant body weight changes were found among celecoxib, methotrexate, and control groups. 
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effects of dexamethasone, celecoxib, and methotrexate on bone tissue in sD rats by 34.4% and energy to fracture load by 46.3% compared to the Con treatment ( Figure 5 ). Significant reductions were also found in these parameters when compared to Cel and MTX treatments. Cel treatment decreased elastic load by 10.9%.
Discussion
Long-term high-dose administration of GCs is linked to serious adverse effects, including osteoporosis, fractures, peptic ulcer disease, infections, and cardiovascular disease among others. Thus, in the past, GC treatment in RA therapy was merely being used as a temporary "bridge" until the disease-modifying therapy became effective. Randomized controlled trials have demonstrated the ability of GC to retard radiographic progression in RA and prevent development of new erosions, confirming disease-modifying effects when used in low doses. 23, 24 The disease-modifying effects of low-dose GC encouraged its use for longer durations in RA therapy, with an acceptable adverse effect profile, at least, in the short to medium term. However, the adverse effects of GCs should not be ignored. 10 A retrospective cohort study using the General Practice Research Database of the UK has shown that the rate of clinical vertebral fractures increased by 55% for a dose of prednisolone of less than 2.5 mg/day and by over 400% if the dose exceeded 7.5 mg/day. 25 Although the occurrence of fractures in RA patients may be associated with an increased incidence of osteoporosis induced by disease per se or falls, the chronic use of GC further amplifies this increased risk by a factor of 2. 26 Our data demonstrated that even in low dose, with the absence of inflammatory disease, GC still induced significant osteogenic inhibition with bone resorption increasing significantly. The biomechanical results revealed that the energy to maximum load, energy to fracture load, and bending stiffness were decreased significantly ( Figure 5 ). These results suggested that the effects of bone loss and bone formation inhibition induced by low doses of GC treatment would also deteriorate bone quality and increase the risk of fracture. The 2010 American Society for Bone and Mineral Research task force report on fractures identified glucocorticoid treatment as one potential cofactor. 27 Possibly, GCs in RA, leading to decreased disease activity, may cause less bone loss than they would have in the absence of inflammatory disease. However, evidences mentioned earlier indicate that low dose of chronic GC administration remains the cause of risk for osteoporosis and fracture irrespective of the presence or absence of the inflammatory disease. Therefore, people treated with chronic GC therapy may still need prescribed co-therapy to prevent bone loss no matter in high dose or low dose.
Previous report indicated that Cel treatment inhibited osteoclastic bone resorption in pathological conditions (eg, RA, estrogen deficiency, or their joint condition), but not in normal conditions. A clinical study suggested that Cel may inhibit osteoclastic bone resorption in postmenopausal women with RA, but not in premenopausal women or in men with RA. 28 Another study also reported that orally administered Cel could decrease serum levels of C-telopeptide, a marker of bone resorption, in ovariectomy mice but not sham-operated mice. 29 These reports indicated that RA and estrogen deficiency are important factors for Cel to exhibit its ability to inhibit bone resorption. However, in the absence of these pathological conditions, Cel may not demonstrate such an ability. To date the inhibition of Cel on osteoclast still has different voice. Kawashima et al 30 demonstrated that Cel acts directly on circulating human osteoclast precursors to inhibit osteoclast formation without cytotoxic effect in vitro. They suggested that the direct effect of Cel on osteoclast 
Notes:
The ratio of mineralizing surface to bone surface (Ms/Bs), the mineral apposition rate (MAr), boneformation rate per unit of bone surface (BFr/Bs), bone formation rate per unit of bone volume (BFr/BV) and osteoclast surface (Ocs), and osteoclast surface per bone surface (Ocs/Bs) were determined by bone histomorphometry. precursors may be related to the COX-2-PGE-2 pathway. 30 However, Igarashi et al reported that TRACP-positive cell formation in the single culture with sRANKL and M-CSF did not decline with Cel treatment. 31 In this study, we investigated Cel treatment in female rats without RA and estrogen deficiency background, and found significantly elevated osteoclast surface and a decline of bone mass as well as BMD. The elastic load of femur decreased significantly in bone biomechanical test due to bone loss occurred in Cel treatment group. However, no further serious deterioration in bone biomechanical property occurred by Cel treatment, which suggested the ratio of matrix and mineral composition might not deteriorate significantly in the skeleton. On the other hand, we also noticed that bone formation was not significantly affected by Cel treatment, which was consistent with the previous studies.
11 ,29 NSAIDs would induce different effects on osteogenic differentiation of Mesenchymal stem cells (MSCs) under inflammatory and noninflammatory conditions. 32 Some studies reported that COX-2 selective inhibitors suppress bone remodeling and repair in vivo, resulting from the suppression of angiogenesis as well as the potential interference with osteoblast and osteoclast functions. 33 
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effects of dexamethasone, celecoxib, and methotrexate on bone tissue in sD rats speculated that NSAID effects on bone cells or precursors might be mediated by the inhibition of prostaglandin synthesis, since PGE-2 stimulated bone formation. 35 In this study, our data suggested that Cel treatment may induce bone loss in female rats without RA and estrogen deficiency background.
To understand the mechanism by which Cel switches its role in different conditions during bone metabolism, more in-depth studies need to be conducted.
Early intensive treatment strategies of RA with MTX as an anchor antiarthritic are recommended in the Western world, and its effectiveness is well established. 36, 37 The 2012 RA treatment guidelines published by the American College of Rheumatology (ACR) recommend MTX as monotherapy or in combination with other agents for initial management of established RA with low disease activity and poor prognosis or with moderate or high disease activity, with the treatment goal of reaching low disease activity or remission. 38 MTX, used originally as a chemotherapeutic drug for cancer, has been reported to suppress skeletal growth and increase bone resorption in high doses. [39] [40] [41] But when low dose of MTX was used for RA treatment, skeleton impairment was more likely due to local disease activity, adjacent joint damage, and therapy drug (eg, glucocorticoid), rather than a toxic effect of MTX in an RA patient. A previous study reported that a low dose of MTX caused little or no deterioration in bone growth and osteoblast differentiation. 42 A clinical trial of over 5-years, demonstrated no adverse effects of low-dose MTX (10 mg/week) on bone formation and bone density in RA 43 also suggested that local inflammatory joint disease was a more important determinant of bone loss than MTX therapy for RA, and they observed an interesting result that MTX therapy increased the period of bone formation. However, they did not believe the result was clinically relevant. 43 In this study, our results demonstrated that MTX treatment in a low dose in healthy rats increased bone formation rate while stimulating bone resorption, which induced a decline in mineral density. However, bone biomechanical parameters of the femur revealed that bone quality in the MTX treatment group did not change significantly compared to the control group. We noticed that histomorphometry results demonstrated bone loss in MTX rats but micro-CT data did not reveal such changes. The reason may be that the regions of interest in micro-CT analysis were smaller than those in histomorphometry. The DA data in micro-CT analysis suggested that the spatial distribution of trabecular bone may contribute to maintain bone biomechanical property in MTX-treated rats.
In summary, we compared long-term effects of three antiarthritics (GCs, NSAIDs, and DMARDs) on the skeleton of healthy female rats. Dex inhibited bone formation and increased bone resorption, leading to osteopenia; Cel increased bone resorption and induced bone loss; and MTX caused slight bone loss as both bone formation and bone resorption increased simultaneously. This comparative study not only demonstrated the effects of the three antiarthritics in healthy models but also compared the findings with previous reports using inflammation model.
Conclusion
This study provides a comparative profile of the long-term effects of therapeutic doses of Cel, MTX, and Dex on intact skeletons of rats. The results indicate that the three antiarthritics have varying degrees of side effects on bone metabolism, and these findings may help physicians figure out whether appropriate measure will be needed to better prevent the occurrence of osteopenia in RA treatment.
